In past years, considerable interest has been fo cused on the role of calcium as a possible mediator of irreversible brain damage following a period of cerebral ischemia (Farber, 1981; Hass, 1981; Siesj6, 1981) . Anoxic-ischemic depolarization of cell mem branes is associated with a precipitous influx of cal cium from the extracellular to the intracellular com partment, and, as a consequence, with the activa tion of calcium-dependent catabolic processes (Wieloch and Siesj6, 1982) . The analysis of this pro cess has led to the suggestion that calcium entry blockers or calcium antagonists may prevent met abolic disturbances and promote functional re-were accompanied by a parallel increase in sodium (con trols, 7.72 ± 1.92; ischemia, 10.50 ± 2.47 Il-g/mg protein), a slight decrease of potassium (controls, 29.52 ± 0.85; ischemia, 27.66 ± 2.30 Il-g/mg protein), and an increase of tissue pH (controls, 7.10 ± 0.096; ischemia, 7.307 ± 0.083). In regions without biochemical recovery, pH fell to 6.288 ± 0.157, and calcium content was 0.602 ± 0.235, sodium content 11.70 ± 4.60, and potassium content 23.00 ± 3.91 Il-g/mg protein. Treatment with the calcium antag onist flunarizine did not reduce tissue calcium content, nor did it improve functional or metabolic recovery after ischemia: three of six treated animals exhibited ECoG activity, one showed only evoked potentials, and two showed no recovery at all. It is concluded that postis chemic accumulation of calcium in brain tissue cannot be prevented by the calcium antagonist flunarizine. How ever, the observed increase of calcium did not interfere with the early postischemic electrophysiological and bio chemical recovery. Its pathophysiological importance, therefore, may be associated with more delayed postis chemic disturbances. Key Words: Calcium-Cats-Ce rebral ischemia-Flunarizine-Functional recovery Metabolic recovery-Tissue pH. covery after ischemia or anoxia (Kazda et aI., 1982; Nowicki et aI., 1982; Wauquier et aI., 1982) . Several experimental studies support this conjecture. Flu narizine, a calcium entry blocker, protected the brain against cerebral hypoxia-anoxia (Karasawa et aI., 1982; Wauquier et aI., 1982) or postischemic hy poperfusion (White et aI., 1982) . A similar effect was also obtained using nimodipine (Steen et aI., 1983) or nifedipine (Brandt et aI., 1983) . The cal cium antagonist lidoflazine prevented neurological disturbances following cardiac arrest (White et aI., 1983) .
Despite these promising observations, the role of calcium in the development of ischemic brain le sions remains purely speculative. With the excep tion of one communication in which an increase of brain tissue calcium was reported in ischemic ger bils (Yanagihara and McCall, 1982) , no quantitative data are available, and to our knowledge a corre lation of tissue calcium content with biochemical or electrophysiological function has never been car ried out in vivo. Even the clinical observation of a beneficial effect of the calcium antagonist lidofla zine after a IS-min cardiac arrest (White et al., 1983) is not conclusive, because brain function has pre viously been reanimated after cardiac arrest of con siderably longer duration without the use of calcium antagonists or calcium entry blockers (Miller and Myers, 1970; Hossmann and Hossmann, 1973) .
In the present study we have tried to establish the role of calcium in postischemic revival in an experimental model in which the duration of brain ischemia was extended to the limits of spontaneous recovery (Hossmann and Sato, 1970) , because it was thought that under such a condition, a potentially favorable effect of calcium antagonists or calcium entry blockers should immediately become visible. Furthermore, pictorial methods were used to iden tify regions with or without persisting biochemical disturbances after ischemia (Paschen et al., 1983) , and these regions were subsequently sampled for quantitative evaluation of the content of calcium and other brain tissue constituents.
MATERIALS AND METHODS

General preparation
Eighteen adult mongrel cats were used. Animals were tranquilized with ketamine and then anesthetized with 70% N20 and 0.8-1.2% halothane. Catheters were in serted into the femoral artery and into both femoral veins for recording of blood pressure, arterial blood sampling, and infusion of drugs. After tracheotomy and relaxation with curare (Pancuronium®, Organon), artificial ventila tion was carried out throughout the experiments. Arterial Pe02 was kept close to 30 mm Hg, and P a02 above 100 mm Hg with a respiration pump and by maintenance of appropriate levels of oxygen for the inhalation gas. Body temperature was adjusted to 37°C with a feedback-con trolled heating pad.
Induction of cerebral ischemia
Complete cerebrocirculatory arrest was produced in 12 cats by intrathoracal clamping of the left subclavian, the innominate, and both mammarian arteries. Collateral blood supply was prevented by lowering systolic blood pressure during ischemia to <80 mm Hg with trimethaphan cam phor sulfonate (Arfonad®, Roche). Completeness of isch emia was ascertained by microscopic observation of the pial vasculature for absence of movement of sequestered blood cell agglomerates. Immediately after the onset of ischemia, anesthesia was discontinued. Ischemia-induced intravascular coagulation (Hossmann and Hossmann, 1977) was reduced by i.v. application of 200 U heparin just before vascular occlusion.
Five minutes before the end of the ischemic period, infusion of 0.3 MTris buffer, pH 10.0 (10 mllkg in 20 min), and 20% mannitol (Osmosteril®; 20 ml in 10 min) was started to adjust the acid-base balance of the blood and to reduce postischemic brain swelling. More buffer was given, if required, at a later time.
Immediately before starting recirculation, norfenefrine (Novadral®), was infused, and vessel clamps were re moved when systolic blood pressure reached a peak of -180 mm Hg. After a few minutes, norfenefrine infusion was reduced and mean arterial blood pressure was sta bilized between 80 and 120 mm Hg. During the early re circulation phase, the ventilation rate was increased to maintain tidal CO2 close to 4%. In addition, arterial blood samples were taken in short intervals to control blood gases and the acid-base balance. Blood osmolality, co agulation parameters, and plasma glucose were measured before, at the end of, and at hourly intervals after isch emia.
Electrophysiological recordings
The functional state of the brain was assessed throughout the experiments by monitoring the EEG and evoked potentials. The EEG was recorded with silver ball electrodes placed on the dura over the right sensorimotor cortex and analyzed by fast Fourier transform with a lab oratory computer (PDP-12; Digital Equipment, May nard). Cortical evoked potentials were recorded from the same region following electrical stimulation (0.3 ms, 15 V) of the contralateral forepaw. An evoked response was also recorded with concentric needle electrodes from the right pyramidal tract following electrical stimulation (0.3 ms, 15 V) of the ipsilateral motor cortex. All responses were recorded on magnetic tape and processed off-line.
Biochemical studies
At the end of the experiments, brains were frozen in situ under continuous ventilation by pouring liquid ni trogen into a funnel attached to the exposed calvarium. After removal of the brain in a cold box, 20-J.Lm coronal sections were prepared at -20°C in a cryostat and pro cessed for imaging of biochemical alterations. Regional ATP was assessed qualitatively by the bioluminescent method described by Kogure and Alonso (1978) , and glu cose by the bioluminescent technique described by Paschen et al. (1981) . Regional pH was determined by a modification (Csiba et al., unpublished observations) of the umbelliferone fluorescent technique described by Sundt et al. (1978) . In short, cryostat sections were ex posed to an umbelliferone-soaked filter paper and, after thawing, immediately photographed at 370 and 340 nm. The two negatives were substracted with an image-pro cessing system, and the resulting picture was calibrated with standards of known pH.
Brain tissue electrolytes
For the determination of electrolyte content of brain tissue, 8-10 small tissue samples (25-50 mg) were taken with sharp pipettes (outer diameter, 4 mm) from the tissue block that previously was used for the preparation of cryostat sections for regional biochemistry. This tech nique allowed precise sampling from regions with and without biochemical recovery.
Brain samples were homogenized in 0.2 ml distilled water by sonification. An aliquot (0.1 ml) of the suspen sion was used for determination of protein content ac cording to the method of Lowry et al. (1951) . Another aliquot (0.1 ml) was used for extraction of electrolytes by adding 0.6 ml 1 M nitric acid (AA grade). Potassium, sodium, magnesium, and calcium were measured 1 week later in the supernatant with an atomic absorption spec trometer (Perkin-Elmer, U beriingen, ER.G.) by the in jection technique described by Berndt and Jackwerth (1979) . Calcium was determined in the presence of 0.25% SrCh (final concentration) to prevent chemical distur bances and ionization.
Pharmacological treatment
Animals were divided into two groups. One group, con sisting of three controls and six animals with 1 h of isch emia and three h of recirculation, was treated with 0.1 mg/kg of the calcium entry blocker flunarizine (by cour tesy of Janssen Research Foundation, Beerse, Belgium). The drug, dissolved in 1 ml Ringer's solution, was infused Lv. over 5 min, followed by continuous infusion of 0.1 mg/kg/h for 3 h. The total amount administered was 0.4 mg/kg. In the control animals, treatment was started after surgical preparation, and, in the ischemic animals, 5 min before the beginning of recirculation.
Another group, also consisting of three controls and six ischemic animals, received the carrier but not the ac tive drug. The general treatment, as described above, was the same in both groups. Statistical differences were eval uated by Student's t test and by the X2 test.
RESULTS
Physiological observations
Blood parameters measured in the two groups of animals are summarized in Ta ble 1. Blood gases and acid-base state did not differ significantly between the two groups before ischemia or after 3 h of re circulation. Blood osmolality was slightly higher in the treated controls, but there was no difference among the ischemic animals after 3 h recirculation. At this time, blood osmolality, as a consequence of osmotherapy, had increased by 20-25 mOsmoliL. Blood pressure was comparable in the two control groups, but was distinctly lower in the treated ani mals after 3 h of recirculation.
In both groups, considerable postischemic hy perglycemia and postischemic intravascular coag ulation occurred (T able 1). Glucose increased by -60 mg%, and fibrinogen fell by 80-90 mg%. These dis turbances have been described before (Hossmann et aI., 1976; Hossmann and Hossmann, 1977) and may influence the postischemic recovery process. However, treated and untreated animals exhibited the same degree of alteration (T able 1).
The sequel of neurophysiological suppression during ischemia and recovery after ischemia was also similar in the two groups. During ischemia, EEG flattened within 15 s; somatically evoked cortical potentials disappeared within 1 min, and the direct pyramidal response to the electrical stimulation of the motor cortex disappeared after 4-5 min. All these parameters remained isoelectric for the du ration of ischemia.
Recovery after ischemia occurred in reverse order, but the individual variability was much more pro nounced. The latency of recovery of the pyramidal response varied between 5 and 15 min, that of so matically evoked potentials between 25 and 60 min, and of spontaneous electrocortical activity be tween 45 and 90 min. The latter usually began with a burst-suppression pattern, and gradually pro gressed into continuous activity (Fig. 1) .
In a few animals, electrophysiological functions did not recover. The functional state, therefore, was classified 3 h after recirculation as follows: re covery, normalization of pyramidal response and return of cortical evoked potentials and sponta neous electrocortical activity; partial recovery, re turn of pyramidal response and evoked potentials but not of spontaneous electro cortical activity; no recovery, absence of electrophysiological func tions.
According to these criteria, the number of ani mals with recovery was higher in the untreated group (T able 2). This difference, however, was not statis tically significant, and it concerned the distribution but not the quality of recovery in the various subgroups; in treated animals with signs of func- tional recovery, evoked potentials and EEG re turned as quickly as in untreated ones (Fig. 1) . Am plitude of EEG activity and the form of somatically evoked potentials varied considerably, but there was no consistent difference between the two groups.
Biochemical observations
In nonischemic animals and in the seven animals with functional recovery, ATP and glucose-induced bioluminescence revealed an even distribution of these substrates, and pH-induced fluorescence of umbelliferone did not exhibit any regional abnor malities (Fig. 2) . In the parietal cortex, tissue pH was 7.10 ± 0.096 (mean ± SD) in controls, and 7.307 ± 0.083 in animals with recovery after isch emia. This increase in pH is of the same order of magnitude as previously observed with pH elec trodes brought into contact with the cortical surface (Hossmann and Zimmermann, 1974) .
In animals with impaired functional recovery, areas of reduced ATP could be detected; these re gions were circumscribed in the three animals with partial recovery, and widespread in the two animals in which electrophysiological recovery was absent (Fig. 2) . In most regions with reduced ATP, glucose was also lower than in the other parts of the tissue sections. Only occasionally were areas detected in which glucose but not ATP was present. These re gions were located mainly in the border zones be tween the supplying territories of the anterior and middle cerebral arteries, and presumably repre sented uncoupling of oxidative phosphorylation, as previously described (Paschen et al., 1983) . In re gions with reduced ATP, pH was 6.288 ± 0.157. This value was significantly lower than in areas with normal ATP content.
The regional biochemical pattern of treated and untreated animals with comparable degrees of func tional recovery did not differ. However, because of the lower incidence of functional recovery in the treated group, the average degree of biochemical recovery was also worse in the treated than in the untreated animals.
Electrolyte measurements
In each experiment, 8-10 brain samples were taken from regions for which biochemical state had previously been determined by bioluminescence techniques (see above). The results obtained are summarized in Ta ble 3. In the untreated control ex periments, calcium content was 0.330 ± 0.045 f1gi mg protein (mean ± SD). Following 1 h of ischemia and 3 h of recirculation, it increased significantly in regions with undisturbed energy state to 0.447 ± 0.194 f1gimg (i.e. , by �35%). In one animal with partial recovery, several small areas with reduced ATP content were present; in these regions calcium was 0.602 ± 0.235 f1gimg (i.e., 80% above control). Sodium and potassium content changed inversely during recirculation. The increase of sodium was of the same order of magnitude as that of calcium and was more pronounced than the fall of potassium. This disturbance was also accentuated in regions with low ATP. Magnesium, in contrast, did not change significantly in regions with either normal or disturbed energy metabolism. Application of the calcium entry blocker flunari zine did not prevent postischemic calcium accu mulation (Table 3) . Calcium content in regions with high ATP was even slightly higher than in untreated animals. Sodium and potassium changed to a degree similar to that of the untreated group, and there was also a more pronounced difference in regions with low ATP. The content of magnesium was not influ enced by ischemia or differences in the energy state, and it did not differ from that of untreated animals.
DISCUSSION
The possible role of calcium for the manifestation of irreversible cell damage has repeatedly been dis cussed in the past. Shay (1973) postulated 10 years ago that intracellular uptake of calcium during isch emia should stop phosphorylation of adenosine di- phosphate because mitochondrial sequestration of calcium and oxidative phosphorylation are com peting physiological activities. Schanne et ai. (1979) observed that cultured hepatocytes that were se verely injured by a variety of membrane toxins sur vived when calcium was excluded from the incu bation medium. The same laboratory was able to demonstrate that revival of the ischemic liver could be considerably prolonged when chlorpromazine was used to inhibit calcium uptake (Chien et aI., 1977) . This led Farber (1981) to conclude that the "ultimate influx of calcium ions . . . converts po tentially reversible alterations into irreversible in jury of cell death," a hypothesis that has also been supported by Hass (1981) and Siesjo (1981) . Under physiological conditions, a gradient of more than 1: 1000 exists between the relatively high ex tracellular calcium activity and the extremely low cytosolic concentration. Any disturbance of cell membrane integrity or of the efficiency of ion-ex change pumps causes a precipitous influx of cal cium from the extracellular to the intracellular com partment. During ischemia, calcium enters the cell across voltage-dependent channels, as demon strated by Harris et ai. (1981) with ion-sensitive electrodes. Intracellular accumulation is further en hanced by the gradual shrinkage of the extracellular space (Hossmann, 1971) and by the inhibition of calcium extrusion from the intracellular into the ex tracellular compartment. Calcium is transported out of the cell by a Ca2+ -Na + antiport system driven by the transmembrane sodium gradient (Blaustein, 1974) , and by a Ca2+ -dependent ATPase (Berridge, 1979) . The breakdown of ATP-producing metabo lism during ischemia interferes with both mecha nisms, with Ca2+ -ATPase directly and with the an tiport system indirectly, because lack of ATP results in equilibration of transmembrane sodium gra dients.
Once they are intracellular, calcium ions may produce severe cellular damage. In addition to un coupling mitochondrial phosphorylation, they acti vate phospholipases, resulting in accumulation of free fatty acids, notably arachidonic acid (Bazan, 1970; Rehncrona et aI., 1982) . Resupply of oxygen during recirculation leads to oxidation of arachi donic acid, with the production of free radicals, prostaglandin-like substances, and leucotrienes. These substances may cause delayed hemodynamic and metabolic disturbances (Wielock and Siesjo, 1982) .
The hypothesis of calcium-mediated cell damage is very attractive for several reasons. It could ex plain the paradoxical observation that complete ischemia is better tolerated than an equally long pe-riod of severe incomplete ischemia (Hossmann and Zimmermann, 1974; Nordstrom et aI., 1976) ; intra cellular calcium uptake is limited by the available extracellular stores during complete ischemia, whereas during incomplete ischemia a continuous supply from the blood is maintained. The calcium hypothesis would also be helpful for the under standing of the maturation phenomenon (delayed cellular death after initial postischemic recovery) (Ito et aI., 1975; Suzuki et aI., 1983a) . This type of lesion is a form of selective vulnerability which af fects predominantly the pyramidal cells of the CAl sector of hippocampus. The neurons have a high calcium conductivity and are hyperactive during the early postischemic recovery phase (Suzuki et aI., 1983b) . It is therefore likely that calcium uptake in these cells is particularly high. Finally, the calcium hypothesis would open a therapeutic approach, be cause cellular uptake of calcium may be blocked by so-called calcium entry blockers or calcium antag onists.
The results obtained in the present study fit only partly into this concept. Ischemia and subsequent recirculation with blood, in fact, led to a substantial increase of total tissue calcium content. The in crease of 35% in areas with normal ATP, and of up to 80% in regions with biochemical disturbances, is of the same order of magnitude as that observed previously by Yanagihara and McCall (1982) after ischemia of the gerbil brain. If all of this increment is located intracellularly, this would correspond to a > 100-fold increase. It is surprising that this in crease did not cause uncoupling of oxidative phos phorylation or inactivation of the ion-exchange pumps, as revealed by this and earlier observations in the same experimental model (Hossmann et aI., 1977) . One should reasonably expect, however, that postischemic calcium accumulation is not without consequences for the further metabolic integrity of the cell. Even if it does not interfere with the im mediate restoration of energy metabolism and neu rophysiological function, it may well be responsible for delayed disturbances, such as postischemic mat uration and related phenomena.
A disappointing aspect of this study, therefore, is the failure of the calcium entry blocker flunarizine to prevent postischemic tissue accumulation of cal cium. In the present model of complete ischemia, most of the calcium must have been taken up after ischemia during the interval from the beginning of recirculation until ion-exchange pumps were reac tivated. In a previous study with the same experi mental model, it could be demonstrated that extra cellular ion homeostasis is reestablished within 15-20 min (Hossmann et aI., 1977) . The drug was there-fore applied in such a way that the highest blood concentration was reached during this interval. However, flunarizine had a deteriorating effect, if any, indicating that it did not block the voltage-de pendent calcium channels. Therefore, it is not sur prising that the functional and biochemical recovery after ischemia did not improve, either.
Our findings, in consequence, do not corroborate the earlier demonstration of a beneficial effect of calcium antagonists during postischemic resuscita tion, as reported by White et al. (1983) . These in vestigators applied lidoflazine after a cardiac arrest of 15 min, a considerably shorter ischemic period than that of the present or other studies, in which spontaneous recovery occurred. The discrepancy may be due to the fact that following cardiac arrest, cerebral resuscitation is limited, in the first place, by the restoration of cardiac function (Hossmann and Hossmann, 1973) . Since earlier studies re vealed a beneficial effect of calcium antagonists on myocardial ischemia (Reimer et aI., 1977; Nayler et aI., 1980) , the drug may have improved cerebral reanimation by interfering with the general cardi ocirculatory state.
The further strategy for the improvement of cal cium-mediated postischemic cell damage should focus on mechanisms that inhibit calcium-depen dent catabolic processes or activate calcium trans port out of the cell. Nowicki et al. (1982) recently reported that uncoupling by ischemia of mitochon drial phosphorylation is not reversed by a variety of calcium antagonists. This and the present obser vation, therefore, suggest that calcium antagonists or calcium entry blockers are not likely to achieve this purpose, at least not when applied during the recirculation period. However, this does not ex clude a possible positive effect of preis chemic med ication, and further experiments would be of in terest in clarifying this question.
